Background/Aims: Neural stem/ progenitor cells (NPCs) endure important changes in cell volume during growth, proliferation and migration. As a first approach to know about NPC response to cell volume changes, the Regulatory Volume Decrease (RVD) subsequent to hypotonic swelling was investigated. Methods: NPCs obtained from the mesencephalon and the subventricular zone of embryonic and adult mice, respectively, were grown and cultured as neurospheres. Cell volume changes were measured by large-angle light-scattering and taurine efflux by [ 3 H]-taurine. Expression of genes encoding molecules related to RVD was analysed using a DNA microarray obtained from NPC samples. Results: Embryonic and adult NPCs exposed to osmolarity reduction (H15, H30, H40) exhibited rapid swelling followed by RVD. The magnitude, efficiency and pharmacological profile, of RVD and of [ 3 H]-taurine osmosensitive efflux were comparable to those found in cultured brain cells, astrocytes and neurons. The relative expression of genes encoding molecules related to volume regulation, i.e. K + and Cl -channels, cotransporters, exchangers and aquaporins were identified in NPCs. Conclusion: NPCs show the ability to respond to hypotonic-evoked volume changes by adaptative recovery processes, similar to those found in other cultured brain cells. Genes related to molecules involved in RVD were found expressed in NPCs.
Introduction
Cell volume regulation is exhibited by most animal cells as a protective response facing osmotic stress. When intracellular solute content or extracellular osmolality is altered, a rapid transmembrane flow of water occurs to restore the osmotic equilibrium, leading to cell swelling or shrinkage [1, 2] . This change in cell volume is rapidly normalized by the efflux of osmolytes after swelling by the regulatory volume decrease (RVD), or by the active accumulation of osmolytes after shrinkage by the regulatory volume increase (RVI). These are complex processes involving volume sensors and transduction signalling chains which ultimately result in activation of the transport pathways, which move osmolytes in the direction required to regulate water fluxes towards normalization of the cell volume. Osmolytes are inorganic and organic osmotically active solutes present in high concentrations in the cytosol, and able to traslocate across the membrane when cells are exposed to hypotonic or hypertonic stress. The inorganic osmolytes are intracellular ions such as Na + , K + and Cl -. Organic osmolytes comprise an heterogeneous group of small molecules including amino acids (alanine, glutamate, glycine, and taurine), polyols (sorbitol, myoinositol), and methylamines (creatine, glycerophosphorylcholine, N-acetyl-aspartate, and phosphoethanolamine) [3, 4] .
Osmotic stress is particularly important in brain because of the restriction imposed by the rigid skull. When brain undergoes tissue expansion (swelling), the cranial constriction leads to the rupture of vasculature, generating ischemic episodes, neuronal death and functional deficits. Facing acute hypotonic stress, osmolyte efflux allows the volume recovery of neural cells back to normal, throughout activation of the RVD process. Inorganic osmolytes K + and Cl -are main contributors to RVD due to their high intracellular concentrations. Organic osmolytes also participate in the volume regulatory process. Among the amino acids playing a role as osmolytes, taurine is a major osmoregulator, being preferentially lost during cell swelling [5] . Other amino acids, glutamate, aspartate, GABA and alanine, are also released from brain cells upon swelling [3, 4, 6] .
Osmolytes traslocate via the activation of a variety of transport mechanisms, including electroneutral cotrasporters and exchangers, K + channels, Cl -channels, and an anion channel presumably permeable to Cl -and small organic compounds like taurine, named volumesensitive anion channel or volume-regulated anion channel (VRAC) [4, 7, 8] . This channel is blocked by NPPB, DIDS, A9C, niflumic acid, tamoxifen, and by DCPIB, the most selective inhibitor so far described [9] . This volume-sensitive channel would be the main pathway for the volume-activated organic osmolyte translocation during RVD, including the efflux of taurine RVD has been extensively studied in mature cell types of the brain, in vivo and in vitro, but there is no information available about the cell volume regulation in neural precursor cells (NPCs). NPCs are a group of cells that comprises both stem and progenitor cells. NPCs are abundant in the developing brain, and restricted to specific areas in the adult brain, where they are capable to initiate neurogenesis [10] . NPCs exhibit three main features: (i) sustained proliferation, (ii) the ability of self-renewal, and (iii) the multipotency or capacity to differentiate into all the cell lineages of the nervous system [11] . NPCs can be isolated from brain tissue and cultured in vitro, when their proliferation is sustained by growth factors such as EGF and/or bFGF. Cells grow in this culture as floating spherical structures named neurospheres [12] . The physiology of NPCs has been extensively studied, but so far their ability to regulate cell volume has not been explored. This is of relevance considering that changes in cell volume are key players in salient features of the NPC physiology such as proliferation and migration. The present study was designed to identify and characterize RVD in embryonic and adult NPCs exposed to hypotonic stress as well as the osmodependent release of taurine. The relative expression of genes in NPCs encoding molecules related to RVD was investigated using the DNA microarray analysis performed by Ramos-Mandujano et al. [13] .
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Materials and Methods
Materials DMEM/F12, glutamax 100×, human insulin, human transferrin, human epidermal growth factor (EGF), human basic fibroblast growth factor (bFGF), penicillin/streptomycin, and trypsin-EDTA solution (0.05%) were from Invitrogen, Life technologies. Progesterone, sodium selenite, putrescine (1,4-diaminobutanedihydrochloride), poly-L-lysine hydrobromide, ο-phthaldialdehyde, SITS, DIDS, and NPPB were from Sigma-Aldrich. [ 3 H]-taurine and DCPIB were from American Radiolabeled Chemicals and from Tocris respectively. All salts for preparation of osmotic solutions were from J.T. Baker.
Cell culture
Neural precursor cells were obtained from the embryonic mouse mesencephalon or from the subventricular zone of lateral ventricles of adult mouse brain. All animals used in this study were cared according the Norma Oficial Mexicana NOM-062-ZOO-1999. Separately, tissue from each region was dissociated into a cell suspension. Cells were grown in DMEM-F12 medium supplemented with 1% glutamax 100×, 25 μg/mL insulin, 100 μg/mL transferrin, 20 nM progesterone, 60 μM putresine, 30 nM sodium selenite, penicillin/streptomycin (50 U/mL and 50 μg/mL), and EGF and bFGF (20 ng/mL each). The culture was maintained at 37⁰C in 5% CO 2 during 5-9 days to obtain neurospheres. Then, neurospheres obtained were disaggregated using trypsin-EDTA solution (0.05%) to obtain a single NPC suspension. For release experiments, NPCs were plated onto 12-well plates pre-treated with poly-L-lysine (0.01%) at a density of 1 × 10 6 cells/well. For cell volume measurements, cells were plated onto pre-treated poly-Llysine coverslips (8 × 36 mm) at density of 2 × 10 5 cells/coverslip. After plating the cells were incubated in culture medium for 2 hours before experiments. HPLC NPC samples were collected and washed with PBS, resuspended in 150 μL of PBS and sonicated (30 s) with a Branson Sonifier-250. Aliquots of 10 μL of each sample were mixed with 400 μL ethanol (20 min), then centrifugated and filtered (sterile membrane of 0.22 μm). Aliquots of 10 μL of the filtered were derivatized 1:1 with ο-phthaldialdehyde and injected into a Beckman liquid chromatograph system. An ODS column (4.6×250 mm internal diameter) was used. The column effluent was monitored with a fluorescence detector (emission at 460 nm and excitation at 330 nm). The mobile phase was methanol/potassium acetate (0.1 M, pH 5.5) and was run at a rate of 1.5 mL/min in a linear gradient (15 min). The retention time in the chromatogram in the standard solution was in this order: aspartate, glutamate, glutamine, glycine, taurine, alanine, and GABA. The cell content of amino acids was determined according to the corresponding standard solution and normalized per milligram of cell protein.
Release experiments
The isotonic standard solution used for release experiments and cell volume recordings contained (in mM): 135 NaCl, 4.7 KCl, 1.7 KH2PO4, 1 CaCl2, 1.17 MgSO4, 10 HEPES, 5 glucose (pH 7.4, 300 mOsm). Hypotonic solutions were prepared by equiosmolar NaCl reductions. Osmolarity was verified by a freezing point osmometer from Precision Systems Inc. (Natick, MA, USA). Chloride channel blockers were dissolved into the isotonic or hypotonic solutions at the concentrations indicated in Figs, and were present throughout the experiment. For release experiments, NPCs were preloaded for 1 h at 37°C with [ 3 H]-taurine (0.5 µCi/ mL). At the end of the incubation, the loading medium was discarded, and cells were washed with [ 3 H]-taurine-free medium. Isosmotic medium (1 mL) was added, collected and replaced every minute during 5 min to attain the basal release. Thereafter, perfusion continued with hypotonic medium during 10 min. At the end of the experiment, NPCs were lysed and collected. The radioactivity present in the efflux samples and in the cell lysates were determined by liquid scintillation. Total incorporated taurine was obtained by adding the radioactivity in the efflux samples to that remaining in the cell lysates. Results are expressed as radioactivity released per minute and calculated as percentage of the total incorporated during loading.
Volume measurements
The relative cell volume was estimated by the large-angle light-scattering system [14] as the volume changes under experimental conditions, relative to volume in isotonic conditions. NPCs plated on rectangular 
Gene expression analysis
The data set used for this analysis was obtained from NCBI's Gene Expression Omnibus [15, 16] with reference GSE53547 (see supplementary files available at http://www.ncbi.nlm.nih.gov/geo/query/ acc.cgi?acc= GSE53547). For each sample, the columns used were those corresponding to "Raw intensity (mean)" and "Background (mean)". Only genes with an expression value (raw intensity value) higher than that of the background were considered. Genes in the columns "Symbol", "Name" or "Description", were those containing terms related to transporters, channels, pumps, carriers, exchangers and aquaporins. Heat maps were built using the 3-scale-color gradient tool of Excel Software. Each raw intensity value in the map associates red, black or green colour to low, medium or high gene expression respectively.
Results

Osmolyte amino acid content in NPCs
The concentration of amino acids acting as brain osmolytes in NPCs and in their tissue of origin was measured by HPLC. In tissue samples of embryonic brain, taurine was present in a markedly high concentration, 357 µmol/g protein, while in the tissue obtained from the subventricular zone (SVZ) of adult brain, its concentration was much lower, 32 µmol/g protein. This difference between the taurine content in embryonic and adult brain tissue is consistent with numerous reports from other brain areas. Not only taurine, but most amino acids were found at higher levels in the embryonic tissue ( Table 1 ). The amino acid content of cultured NPCs derived from the embryonic brain was rather similar to that found in tissue, with the notable exception of taurine, which was essentially lost in NPCs, and of alanine which was about 40% lower. In NPCs derived from the SVZ, glutamate content was the same as in the tissue, glycine and alanine increased markedly and taurine dramatically decreased ( Table 1) . Addition of 10 mM taurine to NPCs derived from the SVZ substantially modified the concentration of osmolyte amino acids: whereas taurine increased markedly, the concentration of all other of amino acids decreased (Table 1) . These results point to taurine as the preferred osmolyte in these cells.
Hypotonicity-evoked [
3 H]-taurine release in NPCs Taurine has been used as a representative of osmolyte amino acids due to its relative metabolic inertia and its presence largely free in the cytosol. In the present study, taurine efflux was followed by the labelled tracer [ 3 H]-taurine, as previously described [17] . The osmolarity of the NPC culture medium was maintained around 300 mOsm, an isotonic solution for these cells. NPCs from embryonic or adult mouse brain, when exposed to a hypotonic stimulus exhibited a typical [ 
transient peak during the first 2-3 min after the stimulus, followed by a slower progressive decrease (Fig. 1A) . The release was proportional to the reduction in osmolarity from 300 mOsm to 210 (H30%), 180 (H40%) and 150 (H50%) mOsm. An osmolarity reduction of 15% did not stimulated the release of taurine ( Fig. 1 A,B) . The amount of taurine released at all osmolarities was higher in NPCs derived from the SVZ than from the embryonic tissue (Fig. 1B) . The total net release of taurine during the 10 minutes of the experiment at H30 was 19% and 24% in NPCs from embryonic or adult brain, respectively (Fig. 1A )
Regulatory volume decrease in NPCs
Stimulation of NPCs with hypotonic medium (H30, H40, H50) induced the typical fast swelling and subsequent RVD. Cell swelling was proportional to the magnitude of the hypotonic medium and was maximal within 100-150 seconds after the stimulus. After maximal swelling, cells initiate the volume regulatory process (Fig. 2A) . The efficiency of A. Time course of taurine release. Points represent the radioactivity released at each fraction, expressed as percentage of total radioactivity accumulated during loading. B. Net taurine release. Net release was calculated as the sum of three main fractions of the peak minus the equivalent fractions of the isotonic release. Values are means ± SEM of 7-8 experiments. Significant differences were determined by one-way ANOVA followed by a post-hoc Tukey test. Significantly different from isosmotic at • p < 0.05 or * p < 0.001. 
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RVD inversely proportional to the extent of swelling, being higher in H30 (46%) and lower in H50 (32%) (Fig. 2 A,B) . In NPCs from adult brain, RVD efficiency was similar in H30 and H40 (about 40-45%) but lower in H50 (Fig. 2 A,B) .
Effects of anion channel inhibitors on hypotonic-induced [ 3 H]-taurine release and RVD in NPCs
For the subsequent set of experiments only NPCs from adult brain were used. The effect of Cl -channel blockers (DCPIB, NPPB, SITS and DIDS) on taurine efflux evoked by 30% hypotonic medium is shown in Fig. 3 . All blockers reduced the hypotonic efflux of [ 3 H]-taurine (Fig. 3A) . The potency of inhibition showed this order: DCPIB > NPPB > DIDS > SITS. As shown in Fig. 3B the anion channel inhibitors NPPB and DCPIB reduced over 90% the hypotonic net [ 3 H]-taurine release, while the reduction by DIDS and SITS was 54% and 63%, respectively. Only DCPIB decreased the isotonic release. None of the blockers modified significantly the H30 induced swelling (Fig. 3C) . The effect of the blockers was examined on the RVD efficiency. NPPB and DCPIB markedly reduced volume regulation, 64 and 79% respectively whereas neither DIDS nor SITS affected RVD (Fig. 3D) .
Cell volume regulation-related genes in NPCs
Gene expression of cell volume regulation-related molecules in NPCs was obtained from the data base GSE53547 at GEO [13] . This data base was built by using a library containing 23,232 gene-specific oligonucleotide probes for mouse. Genes for membrane traslocation molecules represent around 3% of the total of Gene Bank identifiers in the original microarray (Fig. 4A) .The relative expression in NPCs of putative genes encoding transport molecules (channels, transporters and pores), related to cell volume are presented in the heat map of the Fig. 4A . A sub-selection of putative gene families of molecules related to RVD were sorted out and presented in the Fig. 4B . A specific group of genes implicated in RVD is presented in Table 2 . Data in Fig. 4 and in Table 2 show the relative expression according to heat maps built using the 3-scale-color gradient tool (Excel Software), which associates red, black or green colour to low, medium or high gene expression, respectively. Most genes 
2+
-activated K + channels showed low/medium expression. Low expression was found for TREK/TASK channels as well as for TRP channels excepted for TRPc1 gene which showed Table 2 . Gene expression in NPCs of known molecules specifically related with RVD. Means of the relative expressions of each gene were obtained represented in the heat map. The Gene Bank identifier (ID), the common symbol, and the relative expression is presented, red, black and green correspond to low, middle and high expression, respectively 
From the electroneutral cotransporters the KCC2 and KCC4 genes showed medium/high expression. Genes encoding some isoforms of NHE showed medium expression whereas those for the anion exchanger Band 3 showed low expression ( Table 2) .
Discussion
The present study showed the occurrence of RVD in NPCs obtained from the SVZ of mice adult brain. RVD efficiency in NPCs was found comparable in magnitude to that observed in similar experiments in cultured astrocytes and neurons [18] [19] [20] . Results also showed that RVD in NPCs is accomplished through the basic mechanisms found in other brain cells. The prominent role of taurine and of the volume-regulated anion channel (VRAC) is emphasized. There is a still pending debate on whether VRAC serves as a pathway for both, Cl -and organic osmolytes. In the origin of this discussion is first, that the energy-dependent transporters are not involved in the osmosensitive efflux of osmolyte amino acids or polyalcohols, and more significant, that this release is highly sensitive to Cl -channel blockers, including DCPIB, the agent considered as a specific VRAC blocker [9] . A number of Cl -channels and other molecules such as P-glycoprotein and phospholemman, have been proposed as the molecular entities of VRAC, but some features are clearly different from those of VRAC currents [7, 21, 22] . A recent study by Voss et al. [8] , identifies a Cl -channel containing LRRC8 proteins as main constituents, which permeates taurine and operates for RVD. This may be a candidate to fit the molecular identity of VRAC.
The presence of volume regulatory mechanisms in NPCs obtained from the adult brain is of interest since besides relieving cell swelling, the control of cell volume is relevant to intrinsic features of the NPC physiology such as cell proliferation and migration, occurring throughout the life, in brain areas such as the olfactory bulb and the hippocampal dentate gyrus [23] . Furthermore, harmful events such as trauma, ischemia or epilepsy, increase proliferation and migration of NPCs from the SVZ in the adult brain, presumably as a repair mechanism for neurogenesis to functionally compensate for the damage [24] . Neurogenesis in the adult seems also implicated in more subtle changes of neuroplasticity. In the hippocampus, neurogenesis is reduced by adverse conditions such as chronic social stress [25] , whereas it increases by physical activity or enriched environment [26] . These stimuli appear to improve the survival of proliferating NPCs [27] . Interestingly, a previous study from our laboratory has shown that NPCs in cultures containing taurine have markedly more cells than controls, because taurine is increasing the number of cultured NPCs in conditions to proliferate [13] .
The key role played by changes in cell volume during proliferation and migration is well documented. During cell motility, local volume changes due to water flow across the membrane, driven by transporters, exchangers, channels and aquaporins, control the protrusion and retraction of lamellipodia at the front edge of migrating cells [1, 28] . Changes in cell volume are now considered as part of the signals involved in the cycle progression during cell proliferation. Increasing cell volume is essential for allowing cells to attain the size necessary for the transition through the different phases of the cycle [29, 30] . This volume-proliferation interplay is critical in NPCs which endure continuous cycles of growth and proliferation.
Cell volume regulation is a complex process involving the operation of several channels, cotransporters and exchangers, represented by families of membrane proteins. In the present study, a DNA microarray analysis was conducted to identify in NPCs, the expression of genes encoding molecules implicated in RVD. These include K + channels, Cl -channels, KCC transporters, exchangers, aquaporins and TRP channels. Genes for all these channels showed medium expression in the NPCs microarray. The two-pore domain K + channels TASK-2, TREK-1 and TRAAK1, also participate in RVD in various cell types [31] . Low expression of genes encoding these channels was found in NPCs. Genes encoding anion channels and other molecules known to traslocate Cl -were found expressed in the NPC microarray. ClC-2, ClC-3, P-glycoprotein and phospholemman (Fxyd1) are anion channels activated by hypotonic swelling [21, 22] and some of them are implicated in RVD in brain cells [32] . Recently, bestrophins and LRRC8 have been functionally characterized and are postulated as essential components of the swelling-activated anion channel which presumably permeates Cl -and organic osmolytes (VRAC) [8] . This channel has been characterized in brain cells [33] . Genes for all these volume-sensitive anion channels showed medium/high expression in the NPC microarray.
Cotransporters and exchangers
Electroneutral cotransporters of the KCC family (KCC1-4), all are activated by cell swelling and contribute in part to RVD by mediating, together with channels, the volume corrective efflux of K + and Cl - [34] . KCC2 is specifically expressed in mature neurons, where participates in the regulation of cytosolic Cl -concentration and buffering of extracellular K + [35] . High expression of genes encoding KCC2 was found in NPCs. Na + /H + exchangers (NHE) participate in RVI but its role in RVD is controversial. The anion exchanger AE1, or band 3 anion exchanger, has been implicated in the volume-sensitive taurine efflux [36] , but genes encoding this molecule are not highly expressed in NPCs.
TRP channels and aquaporins
The family of mechanosensitive TRP channels respond to a variety of stimuli, including changes in cell volume. Those responsive to hypotonic swelling are members of the subfamilies TRPC1, TRPC5, TRPC6, TRPV4, TRM3 and TRPM7 (rev in Plant, 2014) [37] . While their activation by hypotonicity is firmly established, their role in cell volume regulation is less clear. TRPV4 is the subtype more likely implicated in RVD, via a functionally coupling to activation of Ca 2+ -dependent K channels. Such link has been found for TRPV4 in various cell types [38, 39] including astrocytes [40] . Aquaporins contribute to cytotoxic cell swelling in a variety of cells including brain cells. AQP4 is the channel present in astrocytes and is a crucial element in the pathological brain edema [41] . The role of AQP4 and other aquaporins in RVD is so far unclear. Genes encoding most TRP channels and aquaporins showed medium expression in NPCs. 
